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ABsmcr

Vithin thti small-anglo ●pproximation, a muiti-Gauasian phaae function model provides a
new description of tha multipla scattering procma and leade to improved ●greemant ‘with
experimental data. Futur@ work will bc conc~rned with the combination of small-angle and
diffusion approximation in the radiative tranafer. This should lead to an improved
pradict~ve model of the performance of

R@ccnt reaulta af Battiutelli ● t

scattering in the on-axia laaer beu

●lectrooptical systeme in aeroaol-loaded atmospheres.

INTRODUCTION

●l.l’z demonstrate the significance of multiple

propagation through turbid ■edia, Whan tha ■oan size

of particlefi ia larger than or com~arable to the wavelength of radiation, the small-angl~

●pproximation provides ●n adequate interpretation of on-axia ●xperimental data. For the

off-axia configuration the small-angl~ approximation remaine valid when tha scattering



angles are of the order of the angular spread of the scattering phase function. Vhen the

small-angle and diffusion approximations are combined, the range of validity of the theory

can ba extended considerably.3 “

In this paper, we use an earlier idea due to Weinman et al.s to represent the

scattering phase function as a linear combination of Gaussian components. We derive an

expression for the irradiance distribution and demonstrate the usefulness of our solution in

interpreting exp~rimental data.

RADIATIVE TRANSFER CALCUMTIONS

Under the small-angle approximation and vith the z axis chosen along the direction of

tha incident baae, the equation of radiative transfer6~7 reads~

[

+, ab?+; 1+-?+u I(+,r,z) - us
[

P(&;’)I(;’,:,z)d;’ , (1)

vhera I(#,:,z) is the spectral radiance function of a monochromatic boae vave at ● point

vith coordinat~s (~,z) ●long ● direction vhose unit directional vector ~ has ● projection #

transverse to the baam axi~. The volume extinction and scattering coefficients are danoted

u and us, respectively. The normalization condition for tha scattering phase function P(#)

is

(2)

We aswume that the incident lacer beam can be represented by ● Cauaaian function in both

spatiai distribution ●nd ●ngular diwrgence, i.e.,

n’

●nd that thg phmet f~:ction is th~ sum of Gausaian functione, i.e.,

(3)

(4)



Equation (2) implies that

n

> ‘m -1. (5)

m=1

It is not difficult, by going to the Fourier space, to derive the general solution of

Eq. (1) valid for an arbitrhry value of Il. Following Ref. 6, we give here the formula for

the irradiance N(r,z), vhich in the small angle approximation is defined as

N(;,z) -

/

I(~,;,z) d2+ . (6)

For brevity, va vrite the irradiance for the special case, H - 2; th~ general c-se

ess~ntially involves tha ❑ultinominal formula instead of tha binomial forrnJla uaad h~re.

Thus, for H = 2, the result is

where

+ ‘kl (K2d3z)k2

‘k1k2(
1 _@a (%%~~

r,z) = ~ ●

kl ‘ U2I

f

1

~

1
1

[1
px dxl dyl ,,.dyk6“”dXk1 o ~xp -

0 2 %1k2 ~m
z ‘%1k2

In Eq. (8),

(7)

(8)

(9)

Tho doubla-inftnite series in Eqs. (7)-(9) generalizes the multiplm scatteririg series of

Raf. 3 for the case of ● tvo-componont Gauaaimr, phase function. Eat!’I term of th~ series,

labeled (k1,k2), r-presents the scattering went of order kl #nd k2 dua to the f!rst ●nd

second component of the phase function, raupectively. Ve atresa that t~,is interpretation

bocomw transparent only vhen the solution to the radiatlva tranaf~r ●quation is cast into

th~ form of ● ❑ultiple scattering soriem, A crucial point of the derivation is the Gaussian

modal of tha phase function,



COMPARISON OF COMPUTED WITH EXPERIMENTAL RESULTS

In principle, the parameters K1 and K2 in Eq. (4) can be determined from the

normalization condition (5) combined with condition at 0 = 1~1 . 0:

(lo)

In practice, however, it is more effective to determine the K’S by fitting Eqs. (7)-(9) to

●xperimental data. Veinman et al.~ sought che best approximation to the scattering phasa

function using an ●xpansion similar to that given by Eq. (4); in a different context,

de Wolf and Packl discretized the Vib.ar distribution function into a sum of Gaussians.

To detcrmina how well our model describes laser beam scattering, va compara the

predictions of tha formula for irradiance with the ❑easurements of optical scattering by

high-density hydrosols. The laboratory system, which is described in derail ●lsevhere,9’10

monitors the off-axis irradiance profile as a function of radial distance with th~ aid of a

viola-angle detector (field of viev half mngl- of 99 deg). The hydroaol consists of a

colloidal suspension of

through the hydrosol

vavalength of 0.6328

Figura 1 shows

0,9 and K2 - 0.5 arm

. 8.46 rad-l and

is 10

~m (O

the f

2.26 i 0.07 pm latex sphares in deionized vater. The path length

2 cm; ths light source is genarated by a 1 mV Ha Na laser vith ●

4754 urn in water) and an unscattmrad beam spot size of 0.4 cm.

t to the Hie phasa function, in vhich the tvo Gawsiana vith K1 =

●mployedl the corresponding spread parameters of tha Gausssians ara q

%2 - 2.29 rad ‘l. Figuras 2 and 3 compare tha m~asurmd and calculated

irradianca distribution for tvo optical depths of 5.02 and

lists r91ative

TABLE I.

contributions of diffarmtt scattering ●writs

RELATIVE CONTRIB~IONS OF SCATTERING EVBNTS

Noo

Nlo

No1

> ‘kO
k.2

T=5.02 T=1O. 16

(0.01 <0.01

6.97 0.05

1.23 <0.01

14.02 5.40

10.16, raspocciv~ly. Table I

%).



) Nomm:2

% 1

w
r
) Nkl

0.58

3.24

24.30

0.02

0.05

11.27

) *1M 2.11 0.14

m~2

H Nb 27.55 83.07

K-2m-2

In conformity vith earlier findings, 6 higi~er-order scattering events play a dominant role as

tha optical dapth increases.

CONCLUSIONS

For an optically danm medillm of tlio ~cattarrers, vhara the radius of tho particles is

larger than the vavalangch of tho lasar radiation, vc analyz~d tha off-axis scattering

exparimant using the small-angla approximation in vhich th~ ncmttaring phasa funct~on vam

❑odclad in terms of ● lin~ar combination of Gaussian components. This approach has d~finit~

advantagca ov,r tho conventional small-angla approximation, vhich oftan usas ● ainglo

Gaussian. Whan tho veight factors K1 and K2 are iagardad aa adjustabl~ param~tars--th~

strategy usad har~--wt ●ctually cnn ●xtand tha range of validity of tha theory for l~rgor

radial distanc~a than pr~dictad by ● combination of a singlo Gausaian and diffusion.’”

still, bacausa tha ancrgy conservation condition, Eq, (4), is violat~d, VQ na~d a

batcar th~ory to cccount for tha largo-angl~ scatt~ring. A combination of tho ●pproach

●dvocated in this p~par vith tha diffusion th,ory should load to th~ dwirad goal.
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